Energy efficiency requirements in energy codes vary across states, with states having adopted energy codes ranging across editions of the industry consensus standard (ASHRAE 90.1). Some states do not have a code requirement for energy efficiency, leaving it up to the locality or jurisdiction to set its own requirements. This paper uses ASTM building economic standards (E917-05(2010) and E1074-09) to estimate the impacts that the adoption of more stringent energy codes for commercial buildings would have on building life-cycle costs. The results are based on analysis of the Building Industry Reporting and Design for Sustainability (BIRDS) database. For this study, the performance of buildings designed to meet current state energy codes is compared to their performance when meeting a "Low Energy Case" (LEC) building design based on ASHRAE 189.1-2009, which increases energy efficiency beyond the ASHRAE 90.1-2007 design, to determine whether more stringent energy standard editions are life-cycle cost-effective in reducing energy consumption. The approach is described in detail for a single city and building type (Knoxville, TN). Using the same approach, the new savings for each building type in all cities for Tennessee are calculated. The estimated average savings for each of the building types are aggregated using state-level new commercial building construction data to calculate the magnitude of the net savings (80.8 GWh annually and $28.1 million in life-cycle costs) that Tennessee may realize if it were to adopt the LEC design as its state energy code. These state-level estimates are further aggregated to the national level, estimating the potential total impact from nationwide adoption of the LEC design to be 34 441 GWh and $1.0 billion for one year's worth of construction for a 10-year study period.
Introduction
Energy efficiency requirements in energy codes vary across states, with states having adopted energy codes ranging across editions of the industry consensus standard (ASHRAE 90.1 [1] [2] [3] [4] ). Some states do not have a code requirement for energy efficiency, leaving it up to the locality or jurisdiction to set its own requirements. This paper uses ASTM building economic standards (E917-05(2010) [5] and E1074-09 [6] ) to estimate the impacts that the adoption of more stringent energy codes for commercial buildings would have on building life-cycle costs.
The results of this paper are based on analysis of the Building Industry Reporting and Design for Sustainability (BIRDS) database, which includes life-cycle cost analysis based on 12 540 whole building energy simulations covering 11 building types in 228 cities across all U.S. states for 9 study period lengths. For this study, the performance of buildings designed to meet current state energy codes is compared to their performance when meeting a "Low Energy Case" (LEC) building design based on ASHRAE 189. [7] , which increases energy efficiency beyond the ASHRAE 90. 1-2007 [4] design, to determine whether more stringent energy standard editions are life-cycle cost-effective in reducing energy consumption.
The approach is described in detail for a single city and building type. Using the same approach, the new savings for each building type in all cities for a state are calculated. The estimated average savings for each of the building types are aggregated using state-level new commercial building construction data to calculate the magnitude of the net savings that a state may realize if it were to adopt a more energy efficient standard edition as its state energy code. These statelevel estimates are further aggregated to the national level to estimate the potential total impact from nationwide adoption of more stringent energy codes.
Study Design
The building characteristics in Table 1 describe the 11 building types used in this study, which include 2 dormitories, 2 apartment buildings, a hotel, 3 office buildings, a school, a retail store, and a restaurant. The building types were selected based on a combination of factors, including fraction of building stock represented, variation in building characteristics, and ease of simulation design. These building types represent 46 % of the existing U.S. commercial building stock floor space. 2 The prototype buildings range in size from 465 m 2 (5000 ft 2 ) to 41 806 m 2 (450 000 ft 2 ). 3 The building abbreviations defined in Table 1 are used to represent the building types in tables throughout this study. , is the building design alternative. Fig. 1 shows that commercial building energy codes as of December 2011 vary by state from no code (assumed to be ASHRAE 90. to ASHRAE 90. . 4 In a few instances, local jurisdictions have adopted energy standard editions that are more stringent than the state energy codes.
5 4 Since the publication of Kneifel [10] and Kneifel [11] , the BIRDS database has been updated to include subsequent changes in state energy codes through December 2011. 5 Local and jurisdictional requirements are obtained from the Database of State Incentives for Renewables and Efficiency (DSIRE) [12] . State energy code requirements targeting only public buildings and green standards are ignored in this study.
FIG. 1 State Commercial Energy Codes 6
The 228 cities and ASHRAE climate zones for the U.S. are seen in Fig. 2 . The large selection of cities allows for analysis of variation in results within a state and across climate zones for the most populated cities in the country.
FIG. 2 Cities and ASHRAE Climate Zones

Analysis Approach
The analysis in this report compares energy and life-cycle cost performance of the status quo state energy codes to the more stringent LEC design alternative. For any state without a state energy code, ASHRAE 90.1-1999 [1] is assumed to be the baseline because it represents minimum energy-related industry practices. It is assumed that the building maintains its energy efficiency performance throughout the study period, resulting in energy consumption remaining constant over the entire study period. This assumption is reasonable given the maintenance, repair, and replacement costs included in the analysis to ensure the building and its equipment perform as expected.
Two metrics are used to analyze the annual energy performance: simple percentage savings and total net energy savings. The average percentage energy use savings are calculated by taking the simple average of the percentage savings for each location-building type combination in a city.
ASTM Standard E917-05(2010) [5] (Standard Practice for Measuring Life-Cycle Costs of Buildings and Building Systems) is used to calculate each building design's life-cycle costs (LCCs). LCCs take into account all relevant costs throughout the chosen study period, including construction costs, maintenance, repair, and replacement costs, energy costs, and residual values. A cost's present value (PV) is calculated by discounting its nominal value into today's dollars based on the year the cost occurs and the assumed discount rate, which is assumed to be 3 % for this study. 7 LCC of buildings typically compares the costs for a baseline building design to the costs for alternative, more energy-efficient building designs to determine if future operational savings justify higher initial investments. For this study, the LEC design is compared to the baseline state energy code compliant design to determine the changes in life-cycle costs. The metric used to analyze the economic performance for a building is Net Savings, which is the difference between the alternative design and base case's LCCs as defined in ASTM Standard E1074-09 [6] (Standard Practice for Measuring Net Benefits and Net Savings for Investments in Buildings and Building Systems).
The estimated average changes in total energy use and life-cycle costs for each of the building types is combined with state-level new commercial building construction data to calculate the magnitude of the available total savings a state may realize if it were to adopt a more energy efficient standard as its state energy code. Using this approach to estimate the total impacts for a state requires the assumption that the savings realized by the BIRDS building prototypes are representative of new commercial building construction as a whole.
It is necessary to assume a particular study period length to generate results. Although the annual energy use savings is assumed to be the same across study period lengths, the life-cycle costs vary with the study period length because costs vary year-over-year. A 10-year study period is used for the analysis.
Data
The cost data collected to estimate life-cycle costs for the BIRDS database originates from multiple sources, including RS Means databases [14] , Whitestone [15] , and the U.S. Energy Information Administration (EIA) [16, 17] . 8 Costs are grouped into two categories, first costs that include initial building construction costs and future costs that include operational energy costs, maintenance, repair, and replacement (MRR) costs, and building residual value.
Building construction costs are obtained from the RS Means CostWorks online databases [14] . The costs of a prototypical building are estimated by the RS Means CostWorks Square Foot Estimator to obtain the default costs of each component within each separate building type. The RS Means default building is the baseline used to create a building that is compliant with both the state energy code and the LEC design. The RS Means default buildings are adapted to match the five prototype building standard designs by using the RS Means CostWorks Cost Books databases.
Five components --roof insulation, wall insulation, windows, lighting, and HVAC efficiency --are changed to make the prototypical designs code compliant. The LEC design increases the thermal efficiency of insulation and windows beyond ASHRAE 90. , further reduces the lighting power density, and adds daylighting and window overhangs. 9 The lighting density of the lighting system is decreased by first increasing the efficiency of the lighting system and then decreasing the number of fixtures in the lighting system. 10 Daylighting is included for all building types and climate zones. Overhangs are placed on the east, west, and south sides of the building for each floor in Climate Zone 1 through Climate Zone 5 because these warmer climates are the zones that benefit from blocking solar radiation.
The HVAC system size varies across building designs because changing the thermal characteristics of the building envelope alters the heating and cooling loads of the building. The EnergyPlus [21] whole building energy simulations "autosize" the HVAC system to determine the appropriate system size to efficiently maintain the thermal comfort while dealing with ventilation requirements. For each building design, the HVAC cost for the default HVAC system is replaced with the cost of the "autosized" HVAC system. An HVAC efficiency cost multiplier is used to adjust the HVAC costs in accordance with the standard efficiency requirements.
Construction costs for a building in each location are estimated by summing the baseline costs for the RS Means default building and the changes in costs required to meet the alternative prototype designs, each of which is adjusted with the 2009 RS Means CostWorks City Indexes to control for local material and labor price variations as shown in the following equation where "Index" is the city cost index, "j" is the building-location combination, and "c" is building component:
Overhang cost source is Winiarski et al. [18] 10 First, incandescent lighting is replaced with compact fluorescent lighting while typical T-12 fluorescent tube lighting is replaced with more efficient T-8 fluorescent tube lighting to decrease the lighting density of the lighting system. Second, the number of fixtures is reduced to meet the remainder of the required reduction in watts per unit of floor area. Increasing the efficiency of the lighting increases the costs of construction. The first approach increases first costs while the second approach decreases first costs for the lighting system. This approach is based on Belzer et al. [19] and Halverson et al. [20] .
The indexed construction costs are then multiplied by a contractor "mark-up" rate, 25 %, and architectural fees rate, 7 %, which are added to the construction costs to estimate the building's "first costs" of construction for the prototype buildings 11 as shown in the following equation:
Future costs include maintenance, repair and replacement costs, residual value, and operational energy costs. Component and building lifetimes and component repair requirements are based on data from Whitestone [15] . Building component maintenance, repair, and replacement (MRR) rates are from Kneifel [22] and Kneifel [23] . Insulation and windows are assumed to have a lifespan greater than 40 years and have no maintenance requirements. Insulation is assumed to have no repair costs. Windows have an assumed annual repair cost equal to replacing 1 % of all window panes, with costs that vary depending on the required window specifications [14] . The heating and cooling units have different lifespans and repair rates based on climate, ranging from 4 years to 33 years for repairs and 13 years to 50 years for replacements [15] .
MRR cost data are collected from two sources. The total maintenance and repair costs per square foot of conditioned floor area (minus the HVAC maintenance and repair costs) represent the baseline MRR costs per unit of floor area, which occur for a building type regardless of the energy efficiency measures incorporated into the design. These data are collected from Whitestone [15] , which reports average maintenance and repair costs per unit of floor area by building component for each year of service life for each building type. The building types in Whitestone do not match exactly to the 11 building types selected for this study, so the most comparable profile is selected. [14] is the source of MRR costs for the individual components for which MRR costs change across alternative building designs (HVAC system, lighting system, and windows). Lighting systems, including daylighting controls for the LEC design, are assumed to be replaced every 20 years. The HVAC system size varies based on the thermal performance of the alternative building design, which results in varying MRR costs because smaller systems are relatively cheaper to maintain, repair, and replace.
RS Means CostWorks
Future MRR costs are discounted to equivalent present values using the Single Present Value (SPV) factors for future non-fuel costs reported in Rushing and Lippiatt [24] , which are calculated using the U.S. Department of Energy's 2008 real discount rate for energy conservation projects (3 %) as shown in the following equation where "Index" is the city cost index, "j" is the building-location combination, "t" is the study period, "Cost" is MRR costs for a given year, and "SPV" is single present value:
A building's residual value is its value at the end of the study period. It is estimated in two parts, original components for the building excluding components potentially replaced during the study period and building components potentially replaced during the study period (HVAC system and lighting system) based on the approach defined in Fuller and Petersen [25] . The residual value of the original building components is assumed to be equal to the building's first cost minus any components replaced over the study period (First Costs j ) multiplied by the ratio of the study period to the service life of the building ( ), and discounted from the end of the study period.
Two components may be replaced during the study period, the lighting and HVAC systems.
Residual values for these components are computed for each location in a similar manner to the building residual value. The remaining "life" of the component is determined by taking its service life minus the number of years since its last installation, whether it occurred during building construction or replacement. The ratio of remaining life to service life ( ) is multiplied by the installed cost of the lighting and HVAC systems (Replace Costs c ), and discounted from the end of the study period. The lighting system service life is 20 years while the HVAC system service life varies by location based on Towers et al. [15] .
The following equation shows the combined residual value for the original and potentially replaced building components where "RV" is residual value, "j" is the building-location combination, "t" is the study period, "L" is useable life, "B" is building, "c" is building component potentially replaced, "C" is the total number of building components potentially replaced, and "SPV" is single present value:
Annual energy costs are estimated by multiplying annual electricity and natural gas use predicted by the whole building energy simulation by the average state retail commercial electricity and natural gas prices, respectively. Average state commercial electricity and natural gas prices for 2009 are collected from the Energy Information Administration (EIA) Electric Power Annual State Data Tables [16] and Natural Gas Navigator [17] , respectively. The electricity and natural gas prices are assumed to escalate over time according to EIA forecasts from 2009 to 2039. These forecasts are embodied in the Federal Energy Management Program (FEMP) Uniform Present Value Discount Factors for energy price estimates (UPV*) reported in Rushing and Lippiatt [24] . 12 The UPV* values are used to discount future energy costs to equivalent present values as shown in the following equation where "j" is the building-location combination, "t" is the study period, "e" is electricity, "g" is natural gas, "P" is energy price, "Use" is annual energy consumption, and "UPV*" is the modified uniform present value. The term modified is used because the UPV formula includes a price escalation rate. The discount factors vary by Census region, building sector, and fuel type.
Life-cycle costs are the sum of the first costs and future costs as shown in the following equation where "j" is the building-location combination:
Aggregating the savings for newly constructed commercial buildings to the state and national levels requires new construction data for each building type within each state. This study uses the commercial building weighting factors reported in Jarnagin and Bandyopadhyay [26] 
Results
This section analyzes a subset of the BIRDS database results for net savings in energy use and life-cycle costs at the building, city, state, and national level. The analysis starts at the building level considering the most common building type, a low-rise office building, in Knoxville, Tennessee. The same approach is replicated for all eleven building types for five cities in Tennessee (all Tennessee cities in the BIRDS database). The city-level results are then aggregated to the state level using new construction data for Tennessee. Finally, the state level results are aggregated to the national level to estimate the net savings from a nationwide adoption of the LEC design.
3-Story Office Building in Knoxville, Tennessee
The analysis in this study begins by looking at a case study comparing the energy and economic performance of adopting the LEC design as the energy code for a low-rise office building in Knoxville, Tennessee relative to the current state energy code, which is based on ASHRAE 90. . The building prototype is a 3-story, 1858 m 2 (20 000 ft 2 ) building.
Constructing a 1858 m 2 (20 000 ft 2 ) office building to meet the LEC design leads to a decrease in both energy use and life-cycle costs. As shown in Table 2 , annual energy consumption for the building is decreased by 51 383 kWh (25.8 %) while life-cycle costs are decreased by $41 350 for a 10-year study period. The additional initial investment costs required to increase the thermal performance of the building envelope is more than offset by the energy cost savings over the 10-year study period. Table 3 shows this approach applied to all 11 building types for a 10-year study period. 
Tennessee
The approach used in calculating the net savings per unit of floor area for buildings in Knoxville are used to estimate the impacts for four other cities in Tennessee (Bristol, Chattanooga, Memphis, and Nashville). 
The aggregate net savings for nine of the eleven building prototypes is shown in Table 5 (the new construction data does not include dormitories as a category as is excluded from the remaining analysis). In total, new construction represented by the nine building prototypes leads to net savings in annual energy use of 47.2 million kWh and net savings in life-cycle costs over the 10-year study period of $16.4 million. The nine prototypes represent 58.4 % of total new construction. Assuming the net savings realized by the nine prototypes is representative of the net savings that would be realized by all new construction, aggregate net savings for all new construction totals 80.8 GWh annually and $28.1 million over the 10-year study period. 
Nationwide
The statewide estimates for energy use and life-cycle costs described for Tennessee have been replicated for all fifty states. As would be expected, the net savings in both energy use and lifecycle costs vary across states due to two factors: the amount of new construction in a state and the current energy code requirements for a state. 
FIG. 4 Total Net Savings in Energy Use and Life-Cycle Costs by State, 10-Year
Since the amount of new construction is the primary driver of total net savings realized by a state, it is necessary to control for this factor to determine the impacts that a state's current energy code requirements have on net savings. Fig. 5 
FIG. 5 Net Savings in Energy Use and Life-Cycle Costs Per Unit of Floor Area by State, 10-Year
The net savings estimate for the entire U.S. is the sum of net savings for each of the fifty states. Table 6 shows the total net savings in energy use and life-cycle costs for one year's worth of construction for a 10-year study period aggregated at the Census region and national level. The greater the amount of new floor area constructed in a Census region, the greater the total net savings. The nationwide reductions total 34 441 GWh in energy consumption and $1.0 billion in life-cycle costs for a 10-year study period. Assuming that the savings realized by the prototypes is representative of the entire new building stock, the aggregate statewide net savings in annual energy use (80.8 GWh) and life-cycle costs over the 10-year study period ($28.1 million). The approach is replicated for all 50 states and then totaled to estimate the national impacts from the nationwide adoption of the LEC design for one year's worth of construction for a 10-year study period: 34 441 GWh and $1.0 billion. Given the assumptions required to calculate the results, it is best to consider these calculations to be the general magnitude impacts instead of precise estimates.
Limitations and Future Research
The analysis in this study is limited in scope and would be strengthened by including sensitivity analysis and expanding the database. Sensitivity analysis is needed for at least two assumptions in the analysis. First, consider the assumed discount rate. Although 3 % is a reasonable discount rate, in real terms, for federal government investment decisions, it may be too low of a value for an expected real return on an alternative investment in the private sector. Sensitivity analysis on the assumed discount rate is needed to determine the robustness of the net savings results. Second, the current analysis assumes that the cooling load is met by equipment running on electricity while heating loads are met with equipment running on natural gas, which is not the typical fuel mix for some areas of the nation. The analysis should be expanded to include alternative fuel source options, such as heating oil use in the New England area or electricity in the South.
Additional data are needed to refine and expand the analysis. First, the study uses simple averages of energy use and life-cycle cost changes across all locations in a state. However, the amount of total floor area constructed will vary significantly from city to city. Future research could develop a weighted average of savings in a state based on the fraction of new construction by city. Second, the 11 prototypical buildings analyzed in this study are likely not representative of the entire building stock for each building type. For example, all high-rise buildings are not 100 % glazed. For this reason, the results should be considered as general magnitudes instead of hard estimates. Future research should include additional prototypes, such as the DOE Benchmark Buildings [28] , in the database. Additionally, since existing buildings account for nearly the entire building stock, prototypes for energy retrofits to buildings should be incorporated into the BIRDS database as well. The state average energy cost rates do not control for local variation in energy tariffs. By using utility-level energy cost data, the accuracy of the estimates in BIRDS could be improved.
